Observations show that the lower thermosphere of Mars (∼100-140 km) is up to 40 K colder than the current general circulation models (GCMs) can reproduce. Possible candidates for physical processes missing in the models are larger abundances of atomic oxygen facilitating stronger CO 2 radiative cooling, and thermal effects of gravity waves. Using two state-of-the-art
Introduction
The lower thermosphere of Mars (∼100-140 km) is the gateway between the atmosphere and space. It is affected simultaneously from below and above by various dynamical and radiative processes. Spacecraft decelerate and modify their orbits in this region by dipping into denser layers. The knowledge of processes that control the lower thermosphere, and the ability to predict its state and evolution are of great importance for planning and performing future aerobraking operations. Temperatures and densities in this region also regulate the physical processes responsible for atmospheric escape [Valeillet et al., 2009; Yagi et al., 2009] . A precise characterization of the lower thermosphere is thus a necessary step towards a better understanding of the long-term evolution of the Martian atmosphere.
Recent observations have shown that the lower thermosphere is systematically colder than general circulation models (GCMs) predict [Forget et al., 2009; McDunn et al., 2010] . This discrepancy indicates that there is a major gap in our understanding of the physics and dynamics of the lower thermosphere, which is addressed in this paper.
The most comprehensive dataset to date covering the lower thermosphere has been collected with the SPICAM (Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars) instrument onboard the Mars Express (MEX) orbiter [Bertaux et al., 2006; Forget et al., 2009] . It contains vertical profiles of temperature and density at altitudes between 50 and 140 km retrieved from observations of stellar occultations in UV [Quémerais et al., 2006] . A comparison with simulations using the Laboratoire de Météorologie Dynamique (LMD) Mars GCM has revealed that the observed temperatures are, generally, 10 to 40 K lower than those simulated, and that this difference
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Net heating/cooling rates and their relationship with the meridional circulation are discussed in Section 7. The simulated neutral densities are presented in Section 8, and the conclusions are drawn in Section 9.
Background and Past Work
Atmospheric cooling by CO 2 is created by radiative transfer in the 15-µm band. Under the breakdown of local thermodynamic equilibrium (non-LTE), collisions with atomic oxygen O facilitate energy exchange between the kinetic energy of CO 2 molecules (temperature) and their excited vibrational states. Hence, cooling rates are proportional to [O] abundances and the CO 2 -O quenching rate coefficient, k V T . Observations of [O] in the Martian atmosphere are sparse, and those available show a substantial variability [Stewart et al., 1992] . The problem is aggravated by the uncertainty of the k V T , the value of which differs by a factor of 3-4 between laboratory measurements and atmospheric estimates on Earth . At the moment, both MPI and LMD models use the "median" value of k V T = 3.0 · 10 −12 cm 3 s −1 , but the exact value is an open and important question for all CO 2 -containing planetary atmospheres. These uncertainties with the GCM input, especially in the atomic oxygen density that varies by orders of magnitude, translate into the ambiguity with cooling rates, and, ultimately, with simulated temperatures. According to this hypothesis, the overestimation of temperature in the lower thermosphere is due to the underestimation of [O] abundances [Forget et al., 2009] .
As described in section 5, the parameterizations that simulate the CO 2 cooling in Martian GCMs have traditionally used a prescribed constant atomic oxygen profile. Forget et al. [2009] showed how using instead the temporally and spatially varying atomic oxygen abundance predicted by the LMD-MGCM produced significantly lower temperatures in D R A F T April 22, 2015, 2:01am D R A F T the lower thermosphere, which were in a better agreement with SPICAM measurements. et al. [2010] have also illustrated with the MTGCM-MGCM framework that an increase of atomic oxygen volume mixing ratio by 50% yielded 5 to 10 K lower model temperatures.
McDunn
The other mechanism pertains to cooling by internal gravity waves (GWs) that are continuously generated by a variety of meteorological processes in the lower atmosphere, such as, flow over topography, convection, storms, and front systems. GWs effectively propagate upward transporting momentum and energy, and their amplitudes exponentially grow with height, compensating for the decay of density. At higher altitudes, they become increasingly unstable, and break and/or dissipate due to an intensification of dissipative processes, such as, nonlinear interactions, molecular diffusion and thermal conduction [Yigit and Medvedev , 2015, and reference therein] . Thus, gravity wave momentum deposition to the mean flow, or "gravity wave drag", causes wind acceleration or deceleration. Mechanical energy of obliterating waves irreversibly converts into heat, and, thus, affects temperature. In addition, dissipating GWs induce a downward sensible heat flux. In a freely propagating GW harmonic, oscillations of temperature (T ′ ) and vertical X -8 MEDVEDEV ET AL.: MARS THERMOSPHERE COOLING of kilometers, which, in most cases, are not resolved by GCMs. Therefore, the effects of subgrid-scale GWs in GCMs must be parameterized.
The most recent and comprehensive parameterization originally developed for and utilized in Earth GCMs extending from the lower atmosphere into the thermosphere is the spectral nonlinear GW scheme of Yigit et al. [2008] . Medvedev et al. [2011a] have successfully applied this scheme to estimate GW effects in the Martian thermosphere.
These effects were shown to be significant, and can thus not be neglected above ∼100 MLT [Medvedev et al., 2011b] . The MGCM simulations of Medvedev and Yigit [2012] have also shown that GW-induced thermal effects yielded the necessary cooling rates in order to reproduce the lower thermospheric temperatures that are 10-40 K colder in observations than in previous model simulations. Therefore, their simulations closely match the SPICAM measurements analyzed in the work of Forget et al. [2009] . The inclusion of parameterized effects of GWs into the MPI-MGCM has allowed it to reproduce for the first time the latitudinal night-time temperature structure at ∼120 km derived from aerobraking measurements of Bougher et al. [2006] . These simulations predicted, in particular, that most of the cooling takes place at high latitudes, which cannot be validated at the moment due to an insufficient coverage of the SPICAM database. This GCM is based on a spectral dynamical core, and employs physical parameterizations described in detail in the works of Hartogh et al. [2005, 2007] , and Medvedev and Hartogh [2007] . The vertical domain extends from the surface to approximately 150-160 km (model top pressure p = 3.6 × 10 −6 Pa). It is represented by 67 hybrid levels: terrainfollowing near the surface, and pressure-based in the middle and upper atmosphere. The simulations to be presented here have been performed at a T21 horizontal spectral truncation, which is equivalent to a 64 × 32-gridpoint resolution in longitude and latitude, correspondingly.
Heating and cooling rates due to the radiative transfer in the gaseous CO 2 are calculated with separate parameterizations for LTE and non-LTE conditions. In the lower atmosphere, an LTE radiation scheme of Nakajima et al. [2000] based on the k-distribution method is used. In the middle and upper atmosphere, the exact non-LTE code ALI-ARMS
of Kutepov et al. [1998]; Gusev and Kutepov [2003] optimized with respect to a number of vibrational levels involved in the problem and with the opacity distribution function method [Feofilov et al., 2006; is applied for calculations in the CO 2 15-µm band. The accuracy of the optimized model for cooling/heating rate calculations above 70 km altitude is ≈10-15% with respect to line-by-line calculations. The profiles of heating/cooling rates from the LTE and non-LTE schemes are smoothly merged between 60 and 70 km. Heating rates due to absorption of solar radiation in the near-IR bands of CO 2 are accounted for with a simple parameterization given by formulae 1 and 2 of González-Galindo et al. [2009a] . Heating due to absorption of UV and EUV solar radiation by CO 2 in the upper atmosphere is calculated for 37 spectral intervals between X -10 MEDVEDEV ET AL.: MARS THERMOSPHERE COOLING 5 and 105 nm. The scheme uses the solar EUV flux model of Richards et al. [1994] , and the heating efficiency 0.22 [Fox et al., 1996] .
The model employs the MSTRN-X radiative scheme [Nakajima and Tanaka, 1986] 
The Laboratoire de Météorologie Dynamique General Circulation Model
The LMD-MGCM solves the primitive equations using a grid-point discretization by a dynamical solver inherited from the terrestrial LMDZ GCM [Forget et al., 1999] . It is a ground-to-exosphere (top at about 250 km from the surface) model. The grid used for this work includes 64 × 48 (in longitude and latitude) points in the horizontal, with 49 vertical hybrid levels.
The physical parameterizations included in the LMD-MGCM are described in [Forget et al., 1999; Montmessin et al., 2004; Lefèvre et al., 2004] , and for processes important in the upper atmosphere in [Angelats i Coll et al., 2005; González-Galindo et al., 2005 , 2009a ].
The latest model improvements that concern the upper atmosphere and described by -Galindo et al. [2013] , have also been included in the simulations presented here.
González
In particular, the improved 15-µm cooling scheme using five CO 2 bands, a calculation of the full exchange between atmospheric layers, and the possibility of including the spatially and temporally variable atomic oxygen density as self-consistently provided by the photochemical model described in [González-Galindo et al., 2009a , is used in this work.
Note, however, that for the simulations included here, constant atomic oxygen profiles as D R A F T April 22, 2015, 2:01am D R A F T described in sections 5 and 6 are used instead. For the UV heating, the scheme described in González- Galindo et al. [2005] is used with a heating efficiency of 0.22, identical to that employed in the MPI-MGCM.
The LMD-MGCM includes a parameterization of effects of subgrid-scale orographic gravity waves, as described in in the work of [Forget et al., 1999] . Previous works [Angelats i Coll et al., 2005] , however, have shown that the effects of such waves in the Martian thermosphere are negligible. A parameterization for non-orographic gravity waves is not included in the current version of the model.
The Extended Gravity Wave Parameterization
This GW parameterization has been described in full detail in the work by Yigit et al.
[ 2008] , and its implementation to the MPI-MGCM and setup are given in the work of Medvedev et al. [2011b] . The scheme solves the equation for the vertical propagation of horizontal momentum fluxes F for subgrid-scale GW harmonics, and accounts for their refraction by larger-scale wind and temperature, dissipation and breaking. For a single harmonic j of the spectrum, the equation has the form
where
is the momentum flux per unit mass; u ′ and w ′ are the wave perturbations of the horizontal and vertical winds, correspondingly; the overline denotes an appropriate averaging over subgrid scales; ρ is the altitude dependent neutral mass density, where the subscript "z" denotes a derivative with respect to the altitude. The vertical damping rates β j for a given harmonic in (1) are due to saturation/breaking associated with nonlinear effects in the individual harmonic, and/or caused by interactions with others in the spec-
MEDVEDEV ET AL.: MARS THERMOSPHERE COOLING trum (β j non ), and due to molecular diffusion and thermal conduction (β j mol ). The vertical profiles of F j are formed by a competition between growing wave amplitude in response to the decreasing density, and the decay due to dissipation and/or breaking. The momentum flux divergence for a particular harmonic yields the momentum deposition to the mean flow, a j = ρ −1 d(ρF j )/dz, and the net acceleration/deceleration consists of contributions of all a j . Similarly, dissipating GW harmonics produce heating/cooling rates, which affect the mean temperature, that is, the energy balance of the neutrals. They can conveniently be expressed in terms of a j [Medvedev and Klaassen, 2003, Equation 36 ]:
where E j is the irreversible heating due to conversion of the wave mechanical energy into heat, Q j is the differential cooling/heating due to the wave-induced sensible heat flux, c p is the specific heat at constant pressure, H is the density scale height,ū is the mean (GCM-resolved) wind, and c j is the horizontal phase speed of the j-th harmonic. The total heating and/or cooling rate is the sum of contributions of individual harmonics. Within the framework of the GW parameterization, Equations (1) and (2) are solved interactively, and the calculated tendencies are accounted for in the momentum and thermodynamic energy equations of the GCM.
Solution of (1) requires a specification of F j at a certain height. Since most of GWs are being generated in the lower atmosphere, we prescribed the source level at p = 260
Pa. The incident spectrum in the simulations was represented by 28 harmonics, whose horizontal phase speeds were distributed normally around the local wind speed. The magnitudes of the fluxes were normalized to match the observed background GW-related variances on Mars [Creasey et al., 2006] . Such choice of the source spectrum is based on
the extensive experience with applications of the extended GW scheme to GCM studies on Earth [e.g., Yigit et al., 2012 , 2014 Medvedev , 2009, 2012] and Mars [Medvedev et al., 2011b [Medvedev et al., , 2013 Medvedev and Yigit, 2012] , and is discussed in detail there.
Model and Experiment Setup
In order to exclude a possible influence from below associated with dust variability, we performed simulations for low-dust equinox period around L s = 0
• . The aerosol was taken to be well mixed vertically, and prescribed by the Conrath [1975] formula:
where q is the dust mixing ratio, q 0 = q(z = 0), p is pressure, p 0 = 610 Pa is the globalmean surface pressure, and the Conrath parameter ν = 0.007 corresponds to a practical absence of dust radiative effects above 60-70 km. q was normalized such that the total optical depth in visible wavelengths τ was uniformly equal to 0.2. Simulations were conducted for the solar activity close to a minimum (solar flux index F 10.7 = 80 × 10
W m 2 Hz −1 ).
In each scenario described below, the GCMs were run for at least 30 sols preceding
• to exclude adjustment processes, and the outputs from 15 sols immediately following this moment were analyzed. Therefore, unless stated otherwise, the figures are based on 15-sol averaged fields.
Results with One-Dimensional Oxygen Profiles
The only in situ measurements of atomic oxygen in the Martian thermosphere have been performed with the neutral mass spectrometers during the descents of Viking 1 and 2 in the altitude range of 120 km [Hanson et al., 1977] . Other constraints on atomic González- Galindo et al., 2010; McDunn et al., 2010] . A very similar distribution of [O] was used in simulations with the MPI-GCM, although in conjunction with the different radiation scheme [e.g., Hartogh et al., 2005; Medvedev and Hartogh, 2007; Medvedev et al., 2011b Medvedev et al., , 2013 MCD-1D profile describes a scenario with an increased atomic oxygen abundance -the volume mixing ratio is greater than that of Nair et al. [1994] everywhere in the middle and upper atmosphere: by about a factor of 8 at p = 10 −3 Pa, and ∼4 at p = 10 −5 Pa.
Despite such significant differences, both profiles are well within the limits of variations that follow from photochemistry models, and from a limited number of observations.
Impact of Atomic Oxygen Variations
To compare the net effects on temperature introduced by these profiles, the first series of simulations have been performed without including the GW parameterization. The corresponding zonal mean temperatures are presented in Figure 2 . In the runs with the low oxygen abundance (marked as "Nair94"), the simulated temperatures differ by not more than 15 K, except in the vicinity of the poles (Figure 2a Further insight can be gained from analyzing the radiative heating/cooling rates, which are plotted for the MCD-1D runs in Figure 3 . Both GCMs employ the same parameterization for near-IR CO 2 heating, and, therefore, the calculated mean rates are within the margins of errors due to numerics (Figure 3a EUV heating rates continuously increase above the mesopause. This heating rate is also similar in both simulations (with a somewhat stronger heating in the LMD-MGCM) despite the completely independent parameterizations used in the two models (Figure 3c ,f).
Cooling rates due to the 15 µm CO 2 band differ the most. Unlike the EUV and near-IR heating rates, they strongly depend on temperature. In both models, CO 2 cooling rates increase with height in the mesosphere, have local minima at the mesopause (as a response to temperature minima), reach maxima above the mesopause, and decay with height in the lower thermosphere (Figure 3b,e) . Cooling is stronger in high latitudes in both GCMs, which is a consequence of higher polar temperatures. However, CO 2 cooling rates in the tatively, both models demonstrate a similar response to variations of atomic oxygen with larger cooling rates in the LMD model.
Impact of Gravity Waves
After exploring the model responses to enhanced CO 2 cooling due to the prescribed atomic oxygen, we turn to thermal effects of gravity waves. For that, we included the (not shown here), the GW-induced changes in the thermosphere were even stronger (more than 30 K colder poles in the thermosphere), but qualitatively similar. Such effects of gravity waves have previously been reported for solstice conditions [Medvedev and Yigit, 2012] , and then throughout the Martian year [Medvedev et al., 2013 , Figure 1 ].
As a response to the altered simulated temperature, CO 2 cooling rates in Figure 4b have also changed with respect to those in Figure 3b for the run without GWs. In particular, peak values increased from -80 to -120 K sol −1 over warmer polar regions in the mesosphere, and decreased from -100 to -60 K sol −1 in the colder lower thermosphere.
GW-induced heating and cooling rates in Figure 4c ,d can now be compared against those due to radiative transfer in CO 2 molecules. Firstly, the former takes place, generally, higher than the latter. Secondly, the magnitudes of GW heating and cooling (E j and Q j in Equation 2, correspondingly), are comparable or larger than those by CO 2 . Thirdly, GW heating and cooling increase with height in the lower thermosphere, whereas the radiative rates reach their maxima there, and then decay with altitude. GW cooling exceeds heating everywhere in the lower thermosphere. Thus, the net effect of GWs is ∼-100 K sol −1 at p = 10 −5 Pa in low and middle latitudes, and is more than ∼-−1 near the poles at these heights. The enhancement of cooling/heating rates at high-latitudes is related to the stronger GW activity in polar regions, which results from more favorable propagation conditions for GW harmonics there. Such increased activity has been found in the thermosphere of Earth at solstices and equinoxes [Yigit et al., 2009 [Yigit et al., , 2012 [Yigit et al., , 2014 , and of Mars throughout most of the year [Medvedev et al., 2013] . Overall, our simulations show that the latitudinal variations of atomic oxygen do affect the simulated temperature in the lower thermosphere, however, the changes they induce are smaller than those introduced by vertical variations. On the one hand, this is because the atomic oxygen abundances differ more between the MCD-1D and Nair et al.
[1994] scenarios than between the MCD-1D and MCD-2D. On the other hand, latitudinal gradients of [O] and of the related adiabatic heating/cooling rates alter the meridional circulation, and the associated adiabatic heating.
Net Diabatic Heating/Cooling
In order to explore the interplay between the radiative and gravity wave forcings, and the global dynamics further, we plotted the net diabatic rates (with the exception of UV-EUV heating, which remains constant in all the simulations) in Figure 7 . The UV-EUV heating is also shown separately in the panel c. For simplicity, we consider only one-dimensional The 15-µm CO 2 band is the major contributor to the diabatic cooling. It depends on temperature, and, indirectly, on the meridional circulation as well. In the LMD model, these cooling rates are, in general, larger than those in the MPI-MGCM, especially in high latitudes. For the MCD-1D ("large" oxygen) scenario, the MPI simulation shows an overall increase of the CO 2 cooling rates by up to a factor of 5 near the top (Figure 7d ,e).
The response of the LMD-MGCM run is less straightforward: the cooling rates became even somewhat weaker in most parts in the domain despite the greater amount of atomic oxygen (Figure 7a,b) . This example demonstrates that the model response to varying [O] amount is highly non-linear, and driven not merely by the local diabatic forcing, but by the dynamics as well.
Gravity wave effects add to the CO 2 cooling (Figure 7f ), and the total diabatic cooling rates in the MPI-GCM run turn out to be very similar to those from the LMD-MGCM simulation without GW effects. Thus, gravity waves contribute to the complexity of interactions between the diabatic forcing and dynamics in the atmosphere. Note also that GW cooling acts against the UV-EUV heating in the upper portion of the model domain, and, thus, adds to the main cooling mechanism in the thermosphere -molecular heat conduction.
CO 2 Density
Having explored the influence of CO 2 and GW cooling on temperature, we now turn to the neutral density, to which CO 2 is the major contributor in the lower thermosphere.
D R A F T April 22, 2015, 2:01am D R A F T
Densities at these heights impact aerobraking operations, and, therefore, their quantification is of great interest.
The effects of atmospheric temperature on density are two-fold. On the one hand, density is inversely proportional to temperature in accordance with the equation of state.
Hence, colder thermospheric air at a given model pressure level implies its higher density.
On the other hand, lower temperature means the smaller density scale height, and, therefore, the lower geometrical altitude of the pressure level. Thus, the net density response to the colder simulated thermosphere is not straightforward, but represents an interplay of these two effects. The height of the pressure levels ("geopotential height") is the prognostic field in the MGCMs, and we used it to calculate the modeled densities as functions of geometrical altitudes. At low-and middle latitudes, most of temperature changes occur at the mesosphere and higher, and the densities do not differ between simulations below ≈100 km (Figure 8a,b,d,e) . The complex dependence of density on the atmospheric temperature is particularly seen at high latitudes (Figure 8c,f) , where GWs enhance the middle atmosphere polar warming, thus altering densities at much lower altitudes. At 80
• around 100 km, the density simulated with accounting for GWs is ∼20% larger in both oxygen scenarios. Higher, the vertical behavior is consistent with that shown in panels a and b. tides, which are particularly strong in the thermosphere, the agreement can be considered as quite good in both cases.
Conclusions
We explored cooling effects caused by CO 2 radiation and gravity waves (GWs) in the 1. Within the present day uncertainties with distributions of atomic oxygen and gravity wave sources, both CO 2 and GW cooling can compensate for 10 to 40 K warmer model temperature bias in the lower thermosphere compared to observations, and produce a colder simulated mesopause.
2. CO 2 radiation under larger atomic oxygen abundances, and GWs impose stronger cooling on the Martian lower thermosphere, and result in colder model temperatures at high latitudes, especially by GWs under a low oxygen scenario.
3. Gravity wave cooling takes place, generally, higher than that due to CO 2 radiation, and GW cooling rates increase with height into the upper thermosphere, as opposed to the CO 2 rates that peak in the lower thermosphere.
4. Because most of GW activity occurs at middle and high latitudes of the thermosphere, the cooling due to GWs dominates there. The oxygen-induced amplification of the CO 2 cooling is dominant at low latitudes.
5. In addition to cooling in the thermosphere, GWs enhance the polar warmings in the mesosphere, unlike the CO 2 radiation. This temperature increase is produced dynamically (through the adiabatic heating associated with the downward branches of the meridional circulation), rather than thermally.
6. The simulated atmospheric densities at the typical altitudes for aerobraking operations decrease in around 20% at all latitudes with the larger atomic oxygen abundances. 
